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We consider a quantum network of mid-infrared, graphene plasmons coupled to the hydrogen-like
excited states of group-V donors in silicon. First, we show how to use plasmon-enhanced light-
matter interactions to achieve single-shot spin readout of the donor qubits via optical excitation
and electrical detection of the emitted plasmons. We then show how plasmons in high mobility
graphene nanoribbons can be used to achieve high-fidelity, two-qubit gates and entanglement of
distant Si donor qubits. The proposed device is readily compatible with existing technology and
fabrication methods.
PACS numbers: 03.67.-a, 81.05.ue, 73.20.Mf, 78.55.Ap
The spins of Group-V donors (P, Bi, As, Sb) in silicon
have long been intriguing as potential quantum bits [1].
Dramatic advances in the implementation of these ideas
continue apace, including demonstration of state initial-
ization and readout, robust single qubit operations [1–5],
and quantum memory exceeding an hour [6]. However,
localized control, single-shot readout [7, 8], and coherent
coupling between two qubits [9, 10] remain challenging.
One approach to overcome these challenges, which has
been successful in other solid-state impurity systems such
as nitrogen-vacancy centers in diamond [11] and quantum
dots [12], is to use higher orbital states to control the
spin optically [13, 14]. This allows mapping of the spin-
state into light, which can be used to both readout the
spin and induce entanglement between distant impurities
[15]. In the case of the group-V donors in Si, such higher
orbital excitations lie in the mid- to far-infrared, making
it challenging to use conventional optics to achieve this
goal.
Recently, graphene has emerged as a powerful plat-
form for plasmonics in this mid-infrared frequency regime
[16, 17]. Graphene’s high mobility [18–20], versatile fab-
rication, and the ability to tune the plasmon properties
via external gate voltages has already suggested many
potential applications in this challenging portion of the
electromagnetic spectrum [21]. Furthermore, Si is a nat-
ural base substrate for graphene plasmonics due to its
ubiquitousness in fabrication technology and its low loss
in the mid-infrared. This coincidence of properties sug-
gests that graphene plasmons may be a powerful resource
for orbital control of Si impurity qubits.
In this Letter, we propose to achieve this control by
coupling the Si impurities to mid-infrared plasmons in a
graphene nanoribbon. First, we show how to use the plas-
mon enhanced light-matter interaction to achieve single-
shot spin readout. We then show how plasmons in high
mobility nanoribbons can be used to achieve high-fidelity,
two-qubit gates and entanglement of distant Si donor
qubits.
The device we consider is illustrated in Fig. 1(a-b).
Shallow dopant atoms in Si are coupled via plasmons in
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FIG. 1: (a) Two Si dopant qubits are coupled via plasmons
in a graphene nanoribbon (GNR) that is encapsulated in
hexagonal-BN (h-BN). The plasmons are detected by a field
effect transitor (FET), allowing single-shot readout of the spin
state. d is the distance from the qubit to the nanoribbon. (b)
Top view of the device. The color scale shows the electric field
intensity of the plasmon mode. W is the width of the nano
ribbon, λsp is the wavelength of the plasmon, and r = nλsp/2
(n=1 for the case shown) is the qubit separation. (c) Spec-
trum of the group-V donors in Si with the pathway for the
plasmon decay (red) and phonon decay (black). We assume a
strain is applied to make the 2s and 2p state degenerate, which
allows spin selective excitation from the 1s ground states to
the 2p states through the exciton state D0X by controlling
the polarization of the excitation light. We work with the re-
duced set of states: the two electron spin ground state labeled
|g, s〉 and a Kramer’s pair in the 2s-2p manifold |es〉. (d) Dis-
persion of the first three plasmon modes in the nanoribbon
(W = 50 nm and ne = 10
12 cm−2) and Si:Sb, P, As 1s ground
to 2p0 transitions and Si:Bi 1s to 2p± transition.
a graphene nanoribbon (GNR). The excited states of the
impurity have a hydrogen-like spectrum with a manifold
of 1s ground states and excited s, p, . . . states [Fig. 1(c)]
[22]. As illustrated in Fig. 1(d), these transitions have a
strong overlap with the plasmonic modes of the nanorib-
bons. This gives rise to a strong Purcell enhancement
of the radiation from the excited states into plasmons
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2[23, 24]. This is the crucial feature of this system, which,
when combined with spin-selective excitation, allows con-
trol, readout and entanglement of the impurity spins.
In our analysis, we restrict ourselves to the reduced
level-scheme labeled in Fig. 1(c) and detailed in the sup-
plemental material [25]. There are two electron spin
ground states |g, s〉 [1s(A1) state] coupled via optical,
spin selective excitation to a Kramer’s doublet of excited
states |es〉 (hybridized 2p-2s state). The excited state can
decay back to the ground state either through phonons or
plasmons. Spin-selective excitation is achieved with two
methods that take advantage of optical excitation to the
spin-3/2, donor bound, exciton state D0X as the first leg
in a two photon transition from the 1s ground state to the
2p states. The first, demonstrated in Fig. 1(c), uses cir-
cularly polarized light on one leg of the lambda transition
and linearly polarized light on the second. We refer to
this as the σ±pi-excitation scheme. This will only excite
one spin state, e.g., spin-down to spin-up as in Fig. 1(c),
while leaving the other spin state unaffected. In the sec-
ond approach, we apply opposite circular polarization on
each leg, which excites both spin states, but at different
rates due to the difference in Clebsch-Gordon coefficients.
We refer to this as the σ∓σ±-excitation scheme.
We first show how the strong Purcell enhancement can
be combined with electrical detection to achieve single-
shot readout. Plasmonic excitations in graphene nanorib-
bons have been systematically characterized in Ref. [26].
Their properties are similar to optical waveguides with
a discrete spectrum of transverse modes that reduces to
a single mode as the width decreases to zero. In the
single mode regime of a nanoribbon with width W and
length L, the emission rate into the plasmons can be ap-
proximated by Fermi’s golden rule γp = 2pig
2
k(ω)D(ω)
where D(ω) = L/2pivg is the density of states and
vg = dω/dk = ωW |η′| /2 is the group velocity. Here
η′ (dimensionless and ∼ 1) is the derivative of a uni-
versal function η(kW ) associated with the lowest order
mode (defined below) and gk, analyzed in detail later,
can be interpreted as the quantized electric field per plas-
mon times the dipole moment of the impurity. The small
mode volume and reduced group velocity of the plasmon
compared to free space gives the Purcell enhancement for
a single impurity
γp
γr
=
3χ
16
c3
v3g
|η′(kW )|2 e−4pid/λsp , (1)
where d is the distance from the impurity to the nanorib-
bon, χ is a factor due to the surrounding dielectric en-
vironment, c is the speed of light, γr ∼ 1 kHz is the
radiative decay rate of the es states, and λsp = 2pi/k
is the plasmon wavelength. As vg approaches speeds
as low as the Fermi velocity vF ≈ 106 m/s, the Pur-
cell enhancement approaches 108 compared to free space
[24]. The enhancement relative to the phonon broaden-
ing γ is shown for the Si:P 1s(A1)−2p0 transition in Fig.
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FIG. 2: (a) Enhancement of plasmon decay compared to
phonon decay with vertical distance of the qubit from the
nanoribbon for Si:P/Bi (solid/dashed). Here W = 10/5 nm
and ne = 2 ·1011/7 ·1011 cm−2 for P/Bi. (inset) Reduced level
diagram with the σ−σ+-excitation scheme. Plasmon decay
(red) occurs at an enhanced rate compared to phonon decay
(black). (b) Finite time fluorescence distribution conditioned
on the initial spin state (here γp/γ = 300). Readout fidelity is
determined by the distinguishability of the two distributions.
In the case shown the spin-up state (red) can be distinguished
from the spin-down state (blue) with a fidelity as high as 96%
by assigning events with more than 10 detected plasmons as
spin-down.
2(a) and for the Si:Bi 1s(A1)-2p± transition. Crucially,
near the nanoribbon, the plasmon emission exceeds the
phonon decay by several orders of magnitude, enabling
deterministic conversion of the excited state population
into a propagating plasmon in the nanoribbon.
To achieve single shot-readout we use the σ−σ+-
excitation scheme. In this case, the spin-down state will
emit plasmons at nine times the rate of the spin-up state,
enabling one to distinguish the spin-states via the differ-
ence in the number of emitted plasmons. However, when
the excited state relaxes via phonon decay, the spin will
become depolarized by the 1s(T2/E) valley states which
have a large spin-orbit coupling. As a result, the optimal
excitation time scales as
√
γ/γp and, thus, the excess
in the emitted plasmon number will scale with the same
factor [25]. For large Purcell enhancement, one could
achieve single-shot readout of the impurity spin by de-
tecting the plasmons electrically with a field effect tran-
sistor (FET) [Fig. 1(b)] as was demonstrated for optical
plasmons in Ref. [27]. Figure 2(b) shows the distribution
of the emitted plasmon number for γp/γ = 300, where
the two distributions can be distinguished with a fidelity
of 96%, demonstrating the potential for single-shot read-
out.
We have now established the necessary ingredients to
build a quantum network of the impurities. However, be-
fore we can give a rigorous analysis of impurity entangle-
ment and two-qubit gates, we need to explore the details
of the plasmonic modes and the spin-impurity coupling.
Focusing on these details, we define the universal func-
tion η for the plasmons [26]. An important difference
from conventional optics is that the plasmons are near
field excitations and can be accurately described by elec-
3trostatics. As a result, the free space wavelength does not
set an absolute scale and the dispersion relation ωj(k) of
each transverse mode j is determined by the width of the
nanoribbon W and the universal function ηj(x)
ωj(k) =
χ
4pi0
Im[σ(ωj)]
ηj(kW )W
. (2)
Here 0 is the dielectric constant and the conductivity is
well approximated by the Drude formula σ(ω) = ie
2
pi~
ωF
ω+iκ
for frequencies far below twice the Fermi frequency ωF
(κ is the inverse scattering time, ~ is Planck’s constant
and e is the elementary charge) [28]. In Fig. 1(d) we
show the dispersion for the first three modes using the
universal functions found in Ref. [26].
The coupling gk between a plasmon and the orbital
state of the impurity is determined by the interaction
Hamiltonian HI = −µI ·E, where µI is the dipole mo-
ment of the impurity and E is the electric field of the
graphene plasmon. For small enough widths that the im-
purity is only resonant with the first mode in Fig. 1(d),
we can write the Hamiltonian for a pair of dopant atoms
interacting with the plasmons as
H = ωd
∑
i,s
|eis〉〈eis|+
∑
k
ω(k)a†kak
+
∑
k,s
gkak(σ
+
1s + e
ikr σ+2s) + h.c., (3)
where we take the dipole polarized perpendicular to the
nanoribbon. Here σ+is = |eis〉〈gi, s|, σ−is = (σ+is)†, ak are
the bosonic operators for the plasmon modes, ωd is the
transition frequency of the donor, ωk is the plasmon fre-
quency, and gk is plasmon-impurity coupling. The lowest
order mode is a monopole with the charge density ap-
proximately constant across the nanoribbon. Knowing
the mode function and the dispersion allows us to derive
an analytical expression for gk =
e χµI
4pi0ηW
√
ωF
ω(k)piLW e
−kz
by quantizing the plasmon energy, which has contribu-
tions from both kinetic and electromagnetic energy [29].
The system we have described falls into a well known
class of quantum optics models where several emitters are
strongly coupled to a common, infinite range (without
losses) optical mode. It is analogous to a cavity quan-
tum electrodynamics (cQED) model in the weak cou-
pling, but large Purcell factor limit. As a result, we
can draw on several established techniques for achiev-
ing two-qubit gates [30, 31] and entanglement [32] in
these models. The enabling feature is the emergence
of super-radiance due to quantum interference of the
emitted light into a single mode [33]. In particular,
when kr = npi for integers n the plasmon emission from
the two impurities maximally interferes and the system
is super-radiant because there are two states |ee〉 and
|ge〉 + (−1)n|ge〉 with collectively enhanced decay 2γp
and one sub-radiant state |ge〉 − (−1)n|eg〉, which de-
cays at the rate δγ = γ + γp
(
1− e−r/Lp), where r is the
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FIG. 3: (a) Scaling of the sub radiance narrowing f for n=1
with increasing mobility for (red) a fixed width W=20(10) nm
and a carrier doping of ne =2·1012(7·1012) cm−2 for P(Bi) and
(blue) for an optimized nanoribbon width and carrier doping.
For the optimized case W decreases with the mobility from 25
nm to 3 nm and the doping decreases from 1013-1011 cm−2.
The vertical line is the highest observed mobility for graphene
encapsulated in h-BN. (inset) Reduced level diagram with the
σ−pi-excitation scheme. (b) Error probability for two-qubit
entanglement preparation and the C-pi gate for Si:P and Si:Bi.
We take a graphene mobility of 6 · 104 cm2/V·s and optimize
the doping and nanoribbon width at each point in the same
range as in (a).
distance between the impurities and Lp = 2µ vgωF /e v
2
F
is the plasmon propagation length, which increases with
the mobility µ [16]. Room temperature mobilities ap-
proaching 106 cm2/Vs have been demonstrated for bulk
graphene surrounded by h-BN [18, 19], which would al-
low mid-infrared plasmons to coherently propagate for
several microns. The narrowing of the sub-radiant state
is measured by the ratio f = δγ/γp. Below we show how
to utilize the sub-radiant state to achieve a two-qubit
phase gate and entanglement via dissipation. For these
protocols, the error probability scales with f , making it
crucially important that f  1. Figure 3(a) shows f for
n = 1 with increasing mobility, where we see that it can
be below 1%.
To implement a C-Phase gate we use the σ−σ+-
excitation scheme, where the driving field takes the form
Hc =
2Ω′(t)
3
∑
s
(
σ+1s − eiθ σ+2s + h.c.)(1− s) (4)
here s = ±1/2, Ω′(t) is the Raman Rabi frequency of the
two-photon transition from g to e and eiθ is the relative
phase of the drive, which we set to sign(cos kr) = (−1)n.
All of the two-qubit states are excited to sub-radiant
states by this drive, but each at different rates because of
a combination spin-selective excitation and the inability
to excite the super-radiant states due to a strong quan-
tum Zeno effect. For a far off resonant, weak drive we
can imprint a different phase on each state with min-
imal dephasing. The resulting unitary operation is lo-
cally equivalent to a C-Phase gate with the phase eiφ(t)
where φ(t) = 4
∫
dt′ |Ω′(t′)|2 /9δ [30, 31]. Such a gate is
4universal for quantum computation. To prevent errors
during the gate operation, we require δ  δγ to pre-
vent dephasing from the sub-radiant state. In addition,
we require δ  γc because the phase picked up from
the super-radiant states cancels out the desired phase on
| ↑↑〉. These two constraints lead to the optimal, average
gate fidelity when δ ∼ √δγ γc as Fφ ≈ 1 − 3
√
3
√
f φ/4
Fig. 3(b) shows the minimized error probability 1 − Fpi
for a C-pi gate with increasing dopant separation.
The two-qubit gate described above is coherent and
deterministic; as a result, any dephasing from phonons
or plasmon loss will lead to errors. To create an entan-
gled state between the two qubits, one can overcome this
limitation by engineering the desired state to be a unique
dark state of some driven, open system dynamics. For
our system, where two-qubits are coupled via an excited
state to a common bosonic mode, it has been well estab-
lished that one can drive the qubits towards a maximally
entangled state with an error probability that scales lin-
early in f instead of as the square root [32]. We can
achieve this in our case with the σ−pi-excitation scheme
that excites spin-up electrons to spin-down electrons in
the excited state
Hc = Ω(t)
(|e1↓〉〈g1, ↑ | − eiθ |e2↓〉〈g2, ↑ |+ h.c.) (5)
where Ω is the Raman rabi frequency and θ is defined as
above.
With the addition of transverse magnetic field, the sin-
glet state becomes the unique dark state because it is not
coupled to any sub-radiant states or triplet states. As a
result the system is optically pumped into the singlet
state. We give only a brief description here, since similar
schemes based on cQED and plasmons have been exten-
sively analyzed [32]. The crucial feature is that when
the triplet states are excited to the sub-radiant states,
at rate Ω2/δγ, the phonon decay occurs predominantly
through the excited 1s(T2, E) states. These states have a
relatively large spin-orbit coupling due to a large overlap
with the donor nucleus [∼ 0.02(1) meV in Si:P(Bi) [22]],
which will mix the singlet and triplet states before the
electron decays back to the ground state. Thus, there
is an optical pumping rate into the singlet state at rate
∼ Ω2/δγ, while the rate out, ∼ fΩ2/δγ, is much slower.
For large transverse fields, the dynamics result in the fi-
delity for singlet state preparation Fs ≈ 1 − 3f . In Fig.
3(b) we show the error probability for singlet state prepa-
ration 1−Fs with dopant separation, where it goes below
a few percent at the shortest distances.
In addition to phonons and plasmon loss, there are sev-
eral potential sources of error in both the C-Phase gate
and the entanglement generation: (i) disorder in the po-
sition of the dopants, (ii) enhanced plasmon emission to
the excited 1s(T2/E) valley states, and (iii) dephasing
and decay of the ground state spins during gate oper-
ation. (i) The precision with which the dopant atoms
must be placed with respect to the nanoribbon and each
other is determined primarily by Eq. (1) (to achieve sub-
radiance their distance from each other must be a half
integer multiple of the plasmon wavelength, but this can
be tuned with the Fermi energy). It follows that the po-
sition error of the two dopants should be less than f/2k
relative to the nanoribbon. Since k = W/η−1(x), this
implies that for W ≈ 50 nm and f / 0.1 the donor
placement precision should be / 5 nm for the value of
η−1 ≈ 0.6 used in Fig. 3(b). Such precision is achiev-
able with current technology. (ii) In addition, to the
enhanced plasmon decay to the ground state, there will
also be enhanced decay to the 1s(T2/E) states which can-
not be made sub-radiant. However, when the system is
optimized for the ground state transition, the enhanced
emission to the other 1s states scales as γp(ωT,E/ωd)
9.
For Si:P(Bi) the ratio (ωT,E/ωd)
9 ≈ 10−2(10−4) so for P
it is a small correction and for Bi it is negligible. (iii) For
Si:P(Bi) qubits electron spin coherence times as long as a
few ms have been observed [1]. This sets a lower limit on
the gate speed which is proportional to Ω2/γ. At 1 e·pm,
the dipole moment of the D0X transition is extremely
weak; thus, a strong laser is required to achieve suffi-
ciently fast gates, e.g., at a laser intensity of 10 W/cm2
the gate time will be roughly 10 µs, which is slow, but
still much faster than the decoherence rate of the electron
spins. A key advantage of the group-V donor qubits in
Si is that, once the gate or entanglement operation has
been performed, the electron spin states can be mapped
to the donor nuclear spin, where coherence times over an
hour have been demonstrated [6].
We have shown that mid-infrared graphene plasmon-
ics may be a powerful resource for optical manipulation
and inducing interactions of group-V donor spin qubits
in Si. In addition to the applications described here,
such a system could be a powerful resource for pho-
tonic applications, e.g., an electrically pumped THz laser
[34]. The main experimental challenges will be combin-
ing high-quality graphene nanoribbons and the precise
placement of impurities in the Si lattice. The already dra-
matic progress along these fronts suggests that graphene
plasmons may enable a new route towards spin based
metrology and quantum computation in Si.
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6Supplemental Material
Device Properties – The graphene could be encap-
sulated between two thin layers of hexagonal-BN (h-
BN), while the doping of the nanoribbon is controlled
by either direct chemical doping or a metal top gate.
Room temperature mobilities approaching 106 cm2/Vs
have been demonstrated for bulk graphene surrounded
by hBN [18, 19], which would allow mid-infrared plas-
mons to coherently propagate for several microns [16].
The 1s states of the donor have a six-fold valley degen-
eracy, which splits into a single orbital ground state A1
and five excited states lying 10-30 meV higher in energy:
a doublet E and triplet T2. Due to their large over-
lap with the donor nucleus they have a relatively large
spin-orbit coupling [∼ 0.02(1) meV in Si:P(Bi)]. The ex-
cited state transitions from 1s(A1) to 2p states lie in the
mid-infrared between 30-70 meV. The 2p states primar-
ily decay via phonons in a two step process through the
1s(T2/E) valley states, but have long lifetimes: observed
as long as 250 ps [13] and predicted to be as long as 1.3
ns [35]. The magnitude of the dipole moment for the 1s
to 2p transition is |〈es|µI |g, s〉| ≈ 0.3 e·nm. In addition
to the valley and spin fine structure, there is a hyperfine
interaction with the donor nucleus, which has been used
to achieve long term quantum memory in these systems
[5, 36]; however, for all the donors except Bi (see below),
the hyperfine interaction can be neglected at moderate
magnetic fields & 10 mT.
The spin-3/2 character of the D0X state has been mea-
sured and used for spin state preparation and detection
in ensembles of Si:P and Si:Bi [2, 4]. The D0X states lie
1.1 eV above the 1s(A1) ground state and have a lifetime
of 272 ns, limited by Auger recombination. In principle, a
lambda transition from the ground state to the to the 2p
states, through theD0X states, is allowed, but it is parity
non-conserving, which is only weakly broken in this sys-
tem. Instead we propose to hybridize the 2s states with
the 2p states through application of an external stress, to
make them degenerate, and an external electric field to
mix them. This requires a pressure of ∼ 25 MP along one
of Si principal axes [22]. To apply suitable electric fields,
one could either use an external gate or the nanoribbon
itself, which will induce a 2s-2p splitting as large as ≈ 1
meV for doping levels of ne ≈ 1012 cm−2.
Fidelity of Single-Shot Readout – To achieve single-
shot readout we use the σ−σ+-excitation scheme dis-
cussed in the main text and shown in Fig. S1(a). The
Hamiltonian for the Raman Rabi driving field takes the
form
Hc = Ω
′(t)
(
1
3
|e↑〉〈g, ↑ |+ |e↓〉〈g, ↓ |+ h.c.
)
(S1)
The factor of 1/3 follows from the ratio of Clebsch-
Gordon coefficients in the two excitation pathways
through the spin-3/2 exciton state. When the impurity
is driven resonantly below saturation, the fluorescence
distribution of the emitted plasmons follows a Poisson
distribution [37], which is different for the two spin states
ps(n, t) =
(Rst)
n
n!
e−Rt (S2)
where R↓ = 2Ω
′2
(γ+γp)2
γp and R↑ = 2Ω
′2
9(γ+γp)2
γp. When the
excited state emits a phonon instead of a photon it decays
through the 1s(T2/E) valley states where it can flip its
spin due to the large spin orbit coupling in these states
[22]. As a worst case scenario, we assume that each
time a phonon decay occurs, there is an electron spin
flip with probability 1/2. This leads to the evolution for
the ground state spin populations n↑/↓
n˙↑ = − γ
2γp
R↑ n↑ +
γ
2γp
R↓ n↓ (S3)
and n↓ ≈ 1 − n↑ since we are far below saturation. The
dynamics are illustrated in Fig. S1(b) The emitted plas-
mon number distribution P (n, t) is
P (n, t) = n↑(t)p↑(n, t) + n↓(t)p↓(n, t), (S4)
n↑(t) = n↑(0)e−γ(R↑+R↓)t/γp +
1
10
[
1− e−γ(R↑+R↓)t/γp].
(S5)
In Fig. 2(b) of the main text we show an example of the
distribution for the two initial conditions p↑ = 1 and 0.
The distribution for the two initial spin states will be dis-
joint when γp/γ  R↓ t 1 which guarantees that many
plasmons are emitted before the spin is depolarized. The
optimum occurs when R↓ t ∼
√
2γp/γ.
Hyperfine Interaction in Si:Bi – The Hamiltonian for
the ground state spin interacting with the donor nucleus
is
H = ω0sz − ωnIz +A s · I (S6)
where Iz is the donor nuclear spin operator, I = 9/2
in the case of Si:Bi, ω0(n) is the Zeeman energy of
the electron(nuclear) spin, and A is the hyperfine cou-
pling constant. For Si:Bi the hyperfine coupling is
rather large A/~ = 1.47 GHz. To find the eigen-
states, we first notice that H has the two decoupled
eigenstates |ms = ±1/2,mI = ±I〉, where m = ms +mI
is the total z-angular momentum. The other eigen-
states are formed from superpositions of pairs of states
|ms = ±1/2,mI = m∓ 1/2〉 with |m| < I+1/2 as shown
in Fig. S1(c). We can define Pauli operators within each
of these two-state submanifolds, then we can rewrite the
Hamiltonian for these submanifolds as [36]
Hmsub =
∆m
2
σz +
Ωm
2
σx − m (S7)
∆m = Am+ ω0 + ωn (S8)
Ωm = A
√
I(I + 1)−m2 (S9)
m =
A
4
+ ωnm (S10)
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FIG. S1: (a) Reduced level diagram for the σ−σ+-excitation scheme. (b) Effective ground state evolution for the single-shot
readout. Nine times as many plasmons are emitted in the spin-down state. (c) Hyperfine states for Si:Bi. There is an
electron(nuclear) Zeeman energy ω0(n) and a Hyperfine coupling between pairs of states in the submanifolds. For the protocols
in Si:Bi we use the pseudo-spin-1/2 subspace of |g, ↓〉 = |ms = −1/2,mI = −9/2〉 and |g, ↑〉 = |+,−4〉. At large magnetic field
these two states correspond to up/down electron spin and the fully polarized nuclear spin mI = −9/2.
Defining θm = tan
−1(Ωm/∆m), the eigenstates are
|±,m〉 = cos(θm/2)|ms = ± 12 ,mI = m∓ 12 〉
± sin(θm/2)|ms = ∓ 12 ,mI = m± 12 〉
(S11)
To apply the results discussed in the main text to case
of Si:Bi we work in the pseudo-spin 1/2 subspace with
|g, ↓〉 = |ms = −1/2,mI = −9/2〉 and |g, ↑〉 = |+,−4〉.
At large magnetic field these two states correspond to
up/down electron spin and the fully polarized nuclear
spin mz = −9/2. The |g, ↓〉 state can be prepared by
optically pumping with the σ−pi-excitation scheme. In
addition, we note that both the two-qubit C-Phase gate
and the entanglement preparation carry through unal-
tered in this pseudo-spin-1/2 subspace.
Master Equation – When the propagation time be-
tween impurities r/vg is much faster than the other time
scales we can integrate out the plasmon modes in a
Markov approximation and the super-radiance can be
clearly seen in the master equation for the density matrix
ρ of the two impurities
ρ˙ = − iωd
2
[σz1 + σ
z
2 , ρ]−
i
2
v
[
(σ+1 σ
−
2 + σ
−
1 σ
+
2 ), ρ
]
− γcD[σ−1 + ασ−2 ]ρ− δγ(D[σ−1 ] +D[σ−2 ])ρ (S12)
v = γp sin kr e
−r/Lp , γc = γp |cos kr| e−r/Lp (S13)
δγ = γ + γp − γc, L−1p =
e v2F
2µ vgωF
(S14)
where D[c]ρ = 1/2{c†c, ρ} − cρc† and α = sign(cos kr).
We have included the losses in the plasmon propagation
in terms of the plasmon propagation length Lp defined
in the main text.
